Cavitation always leads to complex gas-liquid interactions and turbulence structures with multi-scale eddies and vortices. It usually involves cavity growth, break-off and collapse processes; posing great challenges in modeling. This paper focuses on modeling instantaneous cavitating flows using the large eddy simulation (LES) and validating the predictions against experimental data using the time-average method. The volume of fluid (VOF) model was adopted to describe phase equations and coupled with the Schnerr-Sauer cavitation model for describing the evaporation-condensation mass transfer. Simulations were performed to predict the unsteady cavitating flows of both the cylinder and Clark-Y hydrofoil configurations. Firstly, the mechanisms of cavity shedding, vapor cloud forming and collapsing were well revealed. The time-averaged pressure distribution and cavity length around the cylinder were in good agreement with experimental data. Moreover, the periodic cavity shedding and pressure fluctuation around the Clark-Y hydrofoil were also predicted. Different cavity patterns were clearly identified in a typical cycle, and the effect of cavity pattern on hydrodynamic forces was investigated. The computational results of cavity patterns, velocity profiles, drag and lift coefficients were compared with experimental results and good agreements were obtained. The present work provides a valid numerical modeling framework for various cavitating flows.
Introduction
Cavitation is a physical problem causing great impact on the performance of many devices such as pumps, nozzles, hydrofoils and other under water objects. Based on the cavitation number, the behavior of cavitation can be categorized into four different cavitation regimes; including inception cavitation, sheet cavitation, cloud cavitation and super-cavitation (Wang et al., 2001; Li et al., 2008) . The time dependent cavitation shedding is more or less found in all the cavitating flows and is particularly obvious in sheet and cloud cavitation. Over the past decades, driven by the knowledge gap, studies on the instability of sheet cavitation and generation mechanism of cloud cavitation have attracted lots of attentions (Kawanami et al., 1997; Delange and Debruin, 1998; Leger and Ceccio, 1998; Kjeldsen et al., 2000; Watanabe et al., 2001; Callenaere et al., 2001; Li et al., 2010) . Some previous reviews (Wang et al., 2001; Arndt, 2002; Franc and Michel, 2005) have also outlined the significant progress in the development of experimental measuring or numerical modeling tools to predict the underlying physics of unsteady cavitating flows.
In the late 1940s, Rouse and MsNown (1948) carried out experiments to investigate the pressure distribution of revolving objects with different head forms at zero angle of yaw in different cavitation conditions. The experimental study has provided a set of valuable and reliable experimental data which has been widely adopted by many other researchers for model validation (Ahuja et al., 2001; Vaidyanathan et al., 2003; Senocak and Shyy, 2004; Shang, 2013) . Kubota et al. (1989) used laser doppler anemometry (LDA) with unsteady cavities photographed by a high-speed camera. They found that the observed cloud cavitation in the experiment had a vorticity extremum at its center and a cluster containing many small bubbles. Pham et al. (1999) performed an experimental investigation of unsteady sheet cavitation to study the re-entrant jet dynamics and the interfacial instabilities. Using the unsteady pressure measuring technique, it was found that the re-entrant jet surge frequencies are equal to the cloud shedding frequencies illustrating that the cloud shedding is caused by the re-entrant jet. Foeth et al. (2006) used a time-resolved PIV and a high-speed camera to study fully developed sheet cavitation on a hydrofoil. They concluded that the shedding of a sheet cavity was governed by the direction and momentum of re-entrant and sideentrant jets and their impingement on the free surface of the cavity. Additionally, various experimental works (Callenaere et al., 2001; Laberteaux and Ceccio, 2001a; Laberteaux and Ceccio, 2001b; Kravtsova et al., 2014) were also carried out to study the re-entrant jet mechanism and the cavity unsteadiness.
On the other hand, noticeable efforts have also been devoted to develop numerical models for cavitating flows to compensate the limitations of measurement techniques; especially in the highspeed and unsteady system. Various cavitation models based on the multiphase model with phase change are proposed. Kubota et al. (1992) proposed a homogenous equilibrium medium and used the Rayleigh-Plesset equation to calculate the void fraction on the basis of the bubble radius. Merkle et al. (1998) introduced an additional equation with the mass source term of evaporation and condensation for the vapor volume fraction. Based on the similar approach, various model formulations for the mass transfer were also proposed (Kunz et al., 2000; Schnerr and Sauer, 2001; Singhal et al., 2002; Zwart et al., 2004) . Among them, the Schnerr and Sauer model which is adopted in the present work has the simplest form and the only undetermined empirical constant is the bubble number density (Zhou et al., 2015) . Despite of the extensive research efforts (Coutier-Delgosha et al., 2003; Saito et al., 2007; Yang et al., 2011; Goncalves, 2011; Ji et al., 2013; Huang et al., 2013; Goncalves, 2014; Goncalves and Charriere, 2014; Stanley et al., 2014) have been devoted to investigate the unsteady shedding and thermodynamic effects in cavitating flows, capturing the turbulent flow and its coupling effect with the cavitation remains as a challenging but crucial task in the modeling framework. The Reynolds Average Navier-Stokes (RANS) equation is widely adopted for simplicity, however, it is well known that the timeaverage technique has limitation in characterizing the transient or periodic behavior of unsteady cavitating flows (Chen and Lu, 2008; Lakshmipathy and Girimaji, 2010; Decaix and Goncalves, 2013; Huang et al., 2013; Ji et al., 2015) . Recently, the large eddy simulation (LES) technique has been regarded as an effective method to capture the unsteady characteristics and periodic behavior of cavitating flows. Wang and Ostoja-Starzewski (2007) adopted the large eddy simulation approach to study the sheet/cloud cavitation on a NACA0015 hydrofoil. Similar studies were also carried out using LES to simulate sheet/cloud cavitation in different devices (Bensow and Bark, 2010; Dittakavi et al., 2010; Roohi et al., 2013) . Luo et al. (2012) simulated the cavity shedding and pressure fluctuation of a three-dimensional twisted hydrofoil. Huang et al. (2014) , Ji et al. (2014) , and Ji et al. (2015) analyzed the turbulence cavitating flow structures and the shedding dynamics. Much of the attention is focused on the interaction between unsteady cavity and vortex dynamics.
Although the aforementioned studies have successfully applied the LES approach for cavitation studies and numerical results were compared with experimental observations qualitatively, a comprehensive quantitative validation study on the performance of the LES approach is still needed. Furthermore, most of the previous works focused primarily on modeling the sheet/cloud cavitation regime. The performance and feasibility of using the LES approach for other flow regimes remain largely elusive. This paper is therefore aiming to gain more in-depth understanding of the interaction among vortex dynamics, cavity shedding and associated hydrodynamic performance. More importantly, it also presents a comprehensive validation study on the LES approach in capturing the time-averaged field quantities (e.g. pressure, vapor volume fraction and velocity), as well as the transient flow structures and periodic shedding behavior for a wide range of flow regimes. The volume of fluid (VOF) model for Euler-Euler two phase flow is employed with the implicit scheme. The cavitation mass transfer is described using the Schnerr and Sauer cavitation model (Schnerr and Sauer, 2001) . Transient simulations with different operating conditions are performed to validate against two different experimental works where measurements were carried out with a hemispherical cylinder (Rouse and MsNown, 1948 ) and a Clark-Y hydrofoil (Wang et al., 2001) configurations. Good quantitative agreements between the numerical results and experimental data are obtained for varying flow regimes.
Model formulation

VOF and LES model
The model developed in this work is based on the VOF model for water-vapor two-phase flow which models the fluids by solving a single set of momentum equations and tracking the volume fraction of each fluid. The continuity equation for the volume fraction of vapor phase, mass continuity and momentum equation are solved in the following forms:
where α v and ρ v are the volume fraction and density of vapor respectively. The source term R represents the net mass transfer of evaporation or condensation. The mixture density ρ m and dynamic viscosity μ m are defined as:
The governing equations employed for LES are obtained by filtering the time-dependent Navier-Stokes equations. The filtering process effectively filters out eddies that are smaller than the filter width or grid spacing used in computations. The finite-volume discretization implicitly provides the filtering operation as:
where V is the volume of a computational cell. The filtered Navier-Stokes equation can be described as:
where τ ij is the sub-grid scale(SGS) stress defined as:
The sub-grid scale stress resulting from the filtering operation is modeled using the form of Smagorinsky (1963) 
where μ t is the sub-grid scale turbulence viscosity and it is mod-
where L s is the mixing length for subgrid scales computed using Eq. (12), and¯≡¯S SS 2 ij ij in whichS ij is the rate of strain tensor for the resolved scale:
where κ is the von Kármán constant, d is the distance to the closest wall, C s is the Smagorinsky constant, and V is the volume of local grid. The surface tension can be written in terms of the pressure jump across the surface. The force at the surface can be expressed as a volume force using the divergence theorem. The surface tension per unit volume in the present model is evaluated using the continuum-surface-force (CSF) model (Brackbill et al., 1992) :
Cavitation model
Schnerr and Sauer (2001) derived an expression for the net mass transfer from liquid to vapor according to the bubble dynamics equation derived from the generalized Rayleigh-Plesset equation (Brennen, 1995) . Thus, the mass transfer rate R in Eq. (1) due to evaporation and condensation is described as:
where P V is the saturated vapor pressure and R B is the bubble radius. The bubble radius is expressed as a function of gas volume fraction and bubble number density n:
where the number density is set to 10 13 which was also adopted under various flow conditions in water (Li et al., 2010; Roohi et al., 2013; Ji et al., 2015) .
Numerical details
The following assumptions are made in the present work: (1) the system under investigation only consists of water and vapor, and only the mass transfer due to evaporation and condensation is taken into consideration; (2) the system is under standard atmospheric pressure and room temperature (T ¼293 K, P V ¼2334.6 Pa); (3) water and vapor are both assumed to be incompressible Newtonian fluids with constant properties.
The present work is performed using the commercial CFD package ANSYS-FLUENT. The volume of fluid (VOF) model is solved using the implicit scheme to simulate the water-vapor two phase flow. For the LES model, the Smagorinsky-Lily sub-grid scale model is adopted to model the sub-grid scale turbulence eddies and its effect on capturing the vortex transport as well as on the unsteady cavitating flow structures. The Smagorinsky constant is set to 0.1 according to the previous studies (Anderson and Domaradzki, 2012; Liu et al., 2014) . The PISO pressure-velocity coupling method which can decrease the number of iterations required for convergence (Seif et al., 2010) is chosen. The bounded second order implicit transient formulation and the bounded central-differencing discretization scheme for momentum equations are used. The computational domains are built three-dimensionally.
The cylindrical configuration (D¼0.025 m, L¼ 0.3048 m) is established according to the experiment conducted by Rouse and MsNown (1948) and the Clark-Y hydrofoil (the chord length and width are 0.07 m) is built according to the experiments of the previous works (Liu et al., 1999; Wang et al., 2001; Wu et al., 2005; Huang et al., 2013) . The densities of the hexahedral element meshes are determined according to the grid independency study and the work of Ji et al. (2015) respectively for the cylindrical configuration and the hydrofoil. The time step size 5 Â 10 À 5 s is adopted for convergence of all the cases.
The velocity inlet and pressure outlet boundary conditions are used. All the walls are set as no slip walls. The cavitation number s which represents the flow condition, and the pressure coefficient C p are defined as:
where P 0 is the reference pressure, P loc is the local static pressure and u 0 is the characteristic velocity. For verifying the unsteady simulation results with experimental data, the time-averaged field quantities are calculated as the following equations:
where → x denotes the spatial position, t denotes the time and ω represents the every instant during statistics. Eq. (18) is for vectors and Eq. (19) is for scalars. A user defined function (UDF) is developed and implemented to extract time-averaged field quantities from transient simulations. The time step N should be large enough to avoid deviation and the current time-averaged field quantities are got from at least 100,000 time steps.
Cavitation around cylinder and model validation
Grid independence study
Firstly, three mesh resolutions were tested. The 3D structured mesh around the configuration is shown in Fig. 1 . The height of cells adjacent to the wall is set to 0.002 mm and an expansion ratio of 1.2 is used, which corresponds to a value of y þ within 2 everywhere on the surface. The three cases of mesh are different in the node number on the cylinder surface. They have respectively (a) 100 Â 48 nodes (100 nodes in length and 48 nodes in circle), (b) 200 Â 64 nodes and (c) 300 Â 80 nodes, with about totally (a) 800,000, (b) 1,900,000 and (c) 3,300,000 cells in the domain. The condition with cavitation number equal to 0.2 is simulated using the three cases of mesh (named (a) coarse, (b) medium and (c) fine), and the time-averaged pressure coefficient distribution along the surface is compared in Fig. 2 . The horizontal coordinate in the figure is the arc length(s) from the head top over the diameter (D) of the sphere head. It is shown that, with the coarse mesh, the pressure distribution in the region where pressure recuperates is unacceptable. Additionally, this figure shows that the medium case and the fine case provide close solutions. Thus, with considering the computational economy, the medium mesh is chosen for the following analysis.
Unsteady behaviors of cavitation around cylinder
The simulations were secondly carried out with different cavitation numbers for the experiment by Rouse and MsNown (1948) where a cylinder with hemispherical head was used to trigger the cavitation. The experimental data showed that cavitation of this head form starts to occur when the cavitation number is lower than 0.6 and the pressure coefficients with wide varying cavitation numbers were reported. Numbers of numerical simulations were carried out and validated using that reported data, nevertheless, only steady state results were presented using RANS model and the unsteady shedding behavior was not considered. In the present work, with the LES approach, numerical results have shown that pressure fluctuates more violently with a smaller cavitation number, especially when the cavitation number is smaller than 0.4. Fig. 3 depicts a typical cycle of periodic cavity shedding in which the vapor cloud is generated on the upper side when the cavitation number is 0.2. The cavity edge is represented by an isosurface of vapor volume fraction equal to 0.1. The streamlines are also displayed inside and outside the cavitation region. The cloud cavitation which is quite unsteady occurs in this condition. As shown in Fig. 3(a) , a liquid jet in the direction counter to the main flow, which is referred to as the "re-entrant" jet (Stanley et al., 2014) , is seen beneath the cavity. Typically, it is thought the reentrant jet is created when the external flow re-attaches to the wall in the closure region behind the cavity, impinging obliquely upon the wall as seen in Fig. 3(b) . And the development of a reentrant jet is also a physical necessity to be consistent with a minimum pressure inside the cavity (Callenaere et al., 2001) . The jet in the vicinity of the leading edge will "pinch-off" the fixed cavity allowing it to be shed to form a vapor cloud as shown in Fig. 3(b) -(e). Fig. 3(d) shows an instant that the old cavity is shed with a rolling vortex inside and a new fixed cavity forms (the dividing region is marked). After that, the vapor cloud is formed and the new fixed cavity grows to form a large attached cavity as shown in Fig. 3(e) , then the vapor coalesces and a new cycle starts as shown in Fig. 3(f) . The flow structure around the vapor cloud is shown in Fig. 4 to look inside the mechanism of vapor cloud transport. It is found that streamlines at the surface of the attached cavity go downward in the closure region behind the cavity, and change directions due to the vapor cloud where the velocity is lower than the bulk flow and vortices exist (Kubota et al., 1989) . The flow outside the cloud helps to reduce the vortices, recover the pressure and eventually collapse the cloud. The re-entrant jet instability as well as the cavity instability can induce abnormal dynamic behaviors. Fig. 5 shows the predicted time dependent drag coefficient of the cylinder referring to the above condition. As shown, the predicted drag coefficient fluctuates at a high frequency within the range of about 0.36-0.46 which is caused by the above mentioned cavitation instability, especially by the shedding behavior. The fluctuation is undesirable for fluid handling devices and the present work provides a valid numerical modeling framework to look inside the unsteady cavitation behavior and its mechanisms.
Time-average verification
Due to the instrumentation limitation, experiments could only measure time-averaged quantities. To validate the transient simulation results with the experimental data, the time-averaged pressure coefficient distributions and cavity edges at different cavitation numbers are extracted and shown in Fig. 6 . Agreed with the results in previous works under steady conditions, the time- averaged cavity edge are inerratic and almost symmetrical in all cases. Moreover, one should also notice that the cavity length increases significant with the reduction of cavitation number. The cavity shape also governs the pressure coefficient distribution; creating a low pressure zone inside the cavity. Fig. 7 shows the comparison between the measured (Rouse and MsNown, 1948) and predicted time-averaged pressure coefficients along the surface of the cylinder under different cavitation numbers. As depicted, the predicted pressure coefficients are in excellent agreement with the experimental data for the given range of cavitation number (from 0.5 to 0.2). This encouraging result confirms that the present model and numerical procedures are suitable for cavitating flows within wide cavitation regimes.
Application on the Clark-Y hydrofoil
Periodic cloud shedding
The mesh of the Clark-Y hydrofoil is shown in Fig. 8 which is developed according to the previous work (Ji et al., 2015) . The periodic cloud shedding behavior on the Clark-Y hydrofoil is investigated in this section. In the cloud cavitation regime, large portion of the cavities (appearing similar to cloud) are continuously shedding from the main cavity. Such shedding behavior is inherently periodic in nature; causing significant oscillation to the flow structure. In the present study, LES simulations were also carried out to model the cloud cavitation on the Clark-Y hydrofoil. Fig. 9 displays the instantaneous visualization of the predicted cloud shedding behavior from the main cavity with two instants of (a) totally shed and (b) partially shed. The attack angle is 5 degree ). In Fig. 9(a) , the vapor cloud is totally shed and rolling vortexes are found inside the cloud. Fig. 9(b) shows that a re-entrant jet, which is defined as a liquid jet beneath the fixed cavity in the direction counter to the main flow, exists beneath the attached cavity as marked; causing partial cavity break-off and cloud shedding in the cavity wake. The structure in the region of cloud shedding becomes fairly complicated because the cavitation-vortex interaction has incurred a highly unstable flow structure.
To show the effect of unsteady cavitation behavior on the hydrodynamic performance, the predicted lift and drag coefficient fluctuation over several periodic cloud shedding cycles are plotted in Fig. 10(a) and (b) respectively. As shown in the two figures, the fluctuation is found to be periodic and the cycle time is about 18 ms. Fig. 11 shows a typical cycle of lift coefficient fluctuation with six instants (a-f) marked. The pressure distributions and the corresponding cavity structures of the six instants with reference to Fig. 11 during the cycle are depicted in Fig. 12 . These figures clearly evidenced that the cavity structure is closely related to the pressure fluctuation and hydrofoil performance. Comparing the lift fluctuation with the cavity structure transformation, it is found that the highest lift occurs when the attached cavity is at the maximum size. Since the large cavity bubble is highly unsteady, the cavity shedding occurs with the influence of re-entrant jet, causing variation of the wall pressure along the hydrofoil surface. The lift coefficient decreases and starts to fluctuate as shown in Fig. 6 . Time-averaged pressure distributions and cavity patterns of different cavitation numbers. Fig. 7 . Comparison of the time-averaged pressure coefficients along the cylinder surface between the simulation and experiment (Rouse and MsNown, 1948) . . As shown, it is easier to give rise to cavitation with a larger attack angle, also the cavity is easier to shed and the shedding cloud cavity structure is more complicated. The evolution of cavity shapes during a typical cycle is compared with the experimental observation by Wang et al. (2001) under the same condition as shown in Fig. 14. The simulation results are shown by displaying semitransparent vapor volume fraction gray-scale maps on cut planes. The comparison clearly shows that the cavity shape, different cavitation structures throughout a typical cycle are well captured by the present LES model. . As depicted in the velocity distribution, the velocity matches the free stream condition outside the cavity and the velocity magnitude reduces rapidly inside the cavity with a shear layer structure exhibits. The time-averaged vapor volume fraction distribution can be divided into two parts: the attached cavity and the detached cavity. In the detached part, the vapor volume fraction is higher at the center of circulation region at the rear part of cavity wake. As shown in Fig. 15(b) , the time-averaged vapor volume fraction is smaller than that in Fig. 15(a) , indicating that the shedding is more violent and the vapor cloud is more fragmentary with a larger attack angle. Fig. 16 compares the time-averaged velocity profiles at different positions near the hydrofoil surface with the provided experimental data in Wang et al. (2001) . The non-dimensional streamwise velocity ( = u u / y y c ) and the non-dimensional distance from surface (y/y c ), where y c is the distance from cavity edge to hydrofoil surface, are used. The positions at 20%, 40%, 60% and 80% chord length are compared. As seen in the figure, the streamwise velocity decreases rapidly from outside to inside of cavity, which can be found from both experiment and simulation. When the position is behind 40% chord length, the flow in the direction counter to the main flow near the surface is simulated and its velocity decreases to zero quickly due to the no-slip wall condition, but this is not found in the experimental data. As the cavitation flow is intrinsically unsteady and nonhomogeneous, it is really hard to measure the detailed velocity profiles inside the cavity especially near the surface of hydrofoil, this makes the measured velocity profiles inside the cavity not quite consistent with the simulation results. Fig. 17 compares the predicted timeaveraged lift and drag coefficients with the measured data (Wang et al., 2001) . For all operating conditions studied in this paper, predictions of the present model are in good agreement with experimental data. This also demonstrates that the present LES model and time-average method is capable to simulate the unsteady cavitating flows and obtain the reliable time-averaged fields for a wide range of conditions.
Time-averaged results of the Clark-Y hydrofoil
Conclusions
Cavitating flow occurs in a wide range of practical processes where various numerical modeling methods have been proposed.
The cloud cavitation which contains a complex flow structure involves various phenomena including initiation of cavities, growth and subsequent shedding, which could significantly influence the fluid device performance. More importantly, the underlying physical mechanisms are not yet fully understood. While most of the previous works adopted the Reynolds Average Navier-Stokes (RANS) turbulence model to simulate the steady state phenomenon of cavitating flows, the present work uses the large eddy simulation (LES) approach to simulate the unsteady cavitating flows under varying operating conditions for two different geometrical configurations.
Numerical simulations were firstly performed to model the cavitating flow around a cylinder with a hemispherical head with different cavitation numbers. Time-averaged field quantities were extracted from the transient results and validated against experimental data. The mechanisms of cavity shedding, vapor cloud forming and collapsing were well revealed and the pressure coefficient distributions of different conditions were in good agreement with the experimental measurements.
Secondly, the LES approach was also performed to model the unsteady cavitation behavior of a Clark-Y hydrofoil. The periodic shedding behavior was well predicted, and the relationship between cavity structures and pressure fluctuation (as well as the lift and drag fluctuation) was clearly identified. The predicted cavitation features, time-averaged velocity profiles, lift and drag coefficients were compared with the experimental observations and measurements. The good agreement indicates that the present model is suitable for unsteady cavitating flows under wide varying conditions and the results can be quantitatively verified using the time-average method. Fig. 16 . Comparison of time-averaged velocity profiles at different positions between the simulation and experiment (Wang et al., 2001) .
